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Rapid	  prototyping,	  or	  additive	  manufacturing,	  is	  becoming	  more	  useful	  in	  creating	  functional	  prototypes,	  especially	  
when	  customization	  is	  required.	  This	  paper	  explores	  the	  use	  of	  three	  dimensional	  (3D)	  printing	  in	  designing	  a	  cus-­‐
tomized	  ankle	  brace	  structure	  for	  Anterior	  Cruciate	  Ligament	  (ACL)	  injury	  risk	  reduction.	  A	  new	  process	  is	  proposed	  
to	  obtain	  ankle	  flexion	  angles	  and	  the	  corresponding	  foot	  surface	  strain	  associated	  with	  high	  ACL	  injury	  risks	  through	  
motion	  analysis.	  This	  data	  is	  used	  in	  the	  design	  of	  the	  customized	  ankle	  brace	  structure	  and	  printed	  using	  rapid	  pro-­‐
totyping.	  One	  customized	  ankle	  brace	  structure	  was	  printed	  and	  tested	  to	  demonstrate	  this	  proposed	  framework.	  The	  
ankle	  flexion	  range	  of	  motion	  (ROM)	  was	  significantly	  reduced	  in	  the	  high-­‐risk	  ankle	  positions	  with	  the	  ankle	  brace	  
structure.	  Rapid	  prototyping	  could	  thus	  be	  used	  to	  design	  customized	  ankle	  brace	  structures	  and	  this	  is	  useful	  in	  re-­‐
ducing	  fabrication	  time	  and	  complexity	  of	  customization.	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Introduction	  
Rapid	  prototyping	  (RP),	  or	  additive	  manufacturing,	  can	  
easily	  be	  used	  for	  customization	  of	  functional	  proto-­‐
types,	  without	  the	  need	  for	  costly	  moulds	  producing	  
small	  volumes	  to	  meet	  tailored	  requirements.	  Besides,	  
time	  to	  manufacture	  is	  usually	  shorter	  and	  has	  been	  
proposed	  for	  customized	  medical	  applications	  (De	  
Crescenzio	  et	  al.	  2011,	  Mavroidis	  et	  al.	  2011,	  Cheng	  and	  
Chu	  2013).	  In	  this	  paper,	  the	  use	  of	  RP	  is	  also	  proposed	  
for	  a	  new	  framework	  to	  design	  a	  customized	  ankle	  
brace	  structure	  for	  Anterior	  Cruciate	  Ligament	  (ACL)	  
injury	  risk	  reduction.	  
ACL	  injury	  has	  a	  significant	  impact	  on	  the	  performance	  
and	  health	  of	  athletes.	  It	  takes	  almost	  8	  months	  after	  
operation	  to	  return	  to	  competition	  and	  on	  average,	  5	  
years	  to	  reach	  pre-­‐injury	  performance	  (Roi	  et	  al.	  2006).	  
Besides,	  ACL	  injuries	  also	  result	  in	  high	  financial	  costs	  
with	  ACL	  surgery	  costs	  in	  the	  United	  States	  estimating	  
to	  be	  more	  than	  $2	  billion	  each	  year	  (Ali	  and	  Rouhi	  
2010).	  Furthermore,	  incidence	  of	  ACL	  injuries	  continues	  
to	  rise	  (Donnelly	  et	  al.	  2012)	  and	  hence	  continual	  effort	  
is	  required	  to	  help	  reduce	  ACL	  injury	  risks	  among	  ath-­‐
letes.	  	  
Most	  ACL	  injuries	  happen	  in	  non-­‐contact	  situations	  
without	  contact	  with	  another	  object	  or	  player	  (Ali	  and	  
Rouhi	  2010).	  A	  low	  knee	  flexion	  angle	  during	  landing	  is	  
associated	  with	  a	  higher	  non-­‐contact	  ACL	  injury	  risk	  
(Lin	  et	  al.	  2008).	  Video	  analyses	  had	  also	  identified	  low	  
knee	  flexion	  angles	  just	  before	  ACL	  injuries	  took	  place	  
(Lin	  et	  al.	  2008).	  In	  addition,	  one	  cadaver	  study	  also	  
found	  that	  the	  highest	  in-­‐situ	  ACL	  force	  was	  at	  15º	  knee	  
flexion	  (Li	  et	  al.	  1999).	  A	  knee	  constraint	  brace	  was	  also	  
designed	  to	  provide	  resistance	  to	  prevent	  athletes	  from	  
landing	  at	  low	  knee	  flexion	  angles	  (Lin	  et	  al.	  2008).	  
However,	  some	  healthy	  athletes	  are	  still	  not	  willing	  to	  
wear	  a	  knee	  brace	  for	  fear	  of	  a	  drop	  in	  performance	  
(Rishiraj	  et	  al.	  2009).	  This	  proposed	  framework	  also	  
makes	  use	  of	  data	  from	  a	  new	  study	  to	  understand	  how	  
knee	  flexion	  angles	  can	  be	  increased	  from	  a	  foot	  landing	  
and	  ankle	  brace	  perspective.	  Healthy	  athletes	  have	  used	  
ankle	  braces	  for	  sprain	  prevention	  (Shaw	  et	  al.	  2008)	  
and	  its	  use	  could	  be	  further	  extended	  for	  ACL	  injury	  
risk	  reduction.	  	  Higher	  plantar	  flexion	  angles	  were	  
found	  to	  result	  in	  lower	  knee	  flexion	  angles	  at	  initial	  
contact	  during	  jump-­‐landing	  (Cortes	  et	  al.	  2007).	  ACL	  
strain	  was	  also	  found	  to	  be	  the	  highest	  at	  initial	  contact	  
with	  the	  ground	  during	  jump-­‐landing	  (Lamontagne	  et	  
al.	  2008).	  Thus	  while	  landing	  toe-­‐first	  is	  associated	  with	  
greater	  force	  absorption	  (Alentorn-­‐Geli	  et	  al.	  2009),	  too	  
high	  a	  plantar-­‐flexion	  landing	  might	  potentially	  reduce	  
knee	  flexion	  angles	  to	  15º	  which	  could	  result	  in	  high	  
ACL	  loading.	  Therefore,	  in	  this	  proposed	  framework,	  
the	  ankle	  brace	  structure	  is	  used	  to	  resist	  motion	  of	  the	  
ankle	  associated	  with	  15º	  of	  knee	  flexion	  angle	  to	  pre-­‐
vent	  the	  onset	  of	  the	  high	  ACL	  loading.	  
	  Methods	  
The	  proposed	  framework	  to	  design	  a	  customised	  ankle	  
brace	  structure	  is	  illustrated	  in	  Figure	  1.	  The	  purpose	  of	  
the	  ankle	  brace	  structure	  is	  for	  it	  to	  be	  incorporated	  as	  a	  
part	  of	  an	  ankle	  brace	  to	  prevent	  the	  foot	  from	  going	  
into	  positions	  associated	  with	  high	  ACL	  injury	  risks	  and	  
to	  allow	  little	  resistance	  in	  foot	  positions	  associated	  
with	  low	  ACL	  injury	  risks	  of	  each	  individual.	  	  
	  
Figure	  1.	  Proposed	  flowchart	  for	  design	  of	  customized	  
ankle	  brace	  structure	  
The	  ankle	  brace	  structure	  is	  proposed	  to	  be	  manufac-­‐
tured	  using	  3D	  printing	  with	  the	  use	  of	  flexible	  materi-­‐
als	  and	  a	  donut	  geometrical	  shape	  is	  being	  used	  for	  the	  
purpose	  of	  this	  feasibility	  study.	  At	  low	  risk	  positions,	  
there	  will	  be	  little	  resistance	  in	  the	  donut	  geometrical	  
shape	  to	  allow	  the	  full	  range	  of	  motion	  during	  play	  (Re-­‐
gion	  ‘A’	  of	  Figure	  2)	  as	  the	  structure	  will	  flex	  freely.	  
When	  the	  material	  reaches	  the	  threshold	  strain,	  the	  
donut	  geometrical	  shape	  will	  become	  fully	  stretched	  
(Region	  ‘B’	  of	  Figure	  2).	  It	  will	  go	  into	  a	  different	  stress–
strain	  curve	  and	  there	  will	  be	  a	  resistive	  force	  as	  a	  result	  
of	  the	  tensile	  properties	  of	  the	  material.	  This	  will	  resist	  
motion	  of	  the	  ankle	  to	  prevent	  the	  onset	  of	  the	  high	  
ACL	  loading	  as	  the	  ankle	  reaches	  the	  critical	  plan-­‐
tar/dorsi	  flexion	  angle.	  The	  ankle	  brace	  structure	  will	  be	  
found	  at	  the	  location	  on	  the	  foot	  that	  will	  experience	  
the	  maximum	  strain	  during	  plantar/dorsi	  flexion.	  This	  
will	  be	  determined	  for	  each	  individual.	  
	  
	  
Figure	  2.	  Stress-­‐strain	  graph	  and	  the	  changes	  to	  the	  ankle	  
brace	  structure	  
	  
Motion	  analysis	  capture	  is	  first	  carried	  out	  to	  obtain	  the	  
critical	  plantar	  flexion	  angle	  associated	  with	  15°	  of	  knee	  
flexion	  angle	  (Figure	  1,	  stage	  1).	  Strain	  study	  is	  also	  car-­‐
ried	  out	  using	  the	  motion	  analysis	  capture	  to	  obtain	  the	  
strain	  distribution	  of	  the	  foot	  surface	  when	  the	  ankle	  
flexes	  to	  the	  critical	  plantar	  flexion	  angle	  (Figure	  1,	  stage	  
1).	  This	  provides	  the	  individual	  measurement	  for	  each	  
person	  that	  could	  subsequently	  be	  input	  into	  a	  pre-­‐
written	  program	  with	  a	  user	  interface	  that	  easily	  calcu-­‐
lates	  specifications	  for	  each	  indi-­‐	  vidual	  (Figure	  1,	  stage	  
2).	  Computer	  aided	  design	  (CAD)	  is	  then	  used	  to	  create	  
the	  model	  of	  the	  ankle	  brace	  structure	  to	  be	  printed	  by	  
3D	  printing	  (Figure	  1,	  stage	  3).	  Virtual	  prototyping	  (VP)	  
could	  subsequently	  be	  added	  to	  ensure	  fit	  before	  print-­‐
ing	  the	  functional	  model	  (Figure	  1,	  stage	  1).	  The	  ankle	  
brace	  structure	  can	  then	  be	  printed	  using	  3D	  printing	  
(Figure	  1,	  stage	  4).	  A	  proof-­‐of-­‐concept	  prototype	  was	  
built	  in	  this	  paper	  using	  3D	  printing	  to	  demonstrate	  this	  
proposed	  framework.	  Range	  of	  motion	  tests	  were	  car-­‐
ried	  out	  to	  study	  the	  feasibility	  of	  using	  this	  proposed	  
framework.	  
	  
Motion	  Analysis	  Capture	  
Participants	  
Six	  male	  subjects	  (age:	  mean	  23.5	  (SD	  2.6)	  years	  old,	  
height:	  mean	  1.77	  (SD	  0.05)	  m,	  weight:	  mean	  72.7	  (SD	  
7.8)	  kg)	  participated	  in	  this	  study.	  Participants	  had	  no	  
injuries	  in	  the	  last	  6	  months	  before	  the	  study.	  The	  re-­‐
search	  was	  approved	  by	  the	  Institutional	  Review	  Board	  
of	  the	  university.	  Each	  participant	  also	  signed	  a	  written	  
consent	  form	  to	  take	  part	  in	  the	  study.	  	  
STAGE 1: Motion Analysis: 
Obtain Customized Requirements 
STAGE 2: Design and Specification: 
User Interface Input to Calculate Specifications  
  
STAGE 3: CAD: 
Design Visualization and Virtual Prototyping Test  
 
STAGE 4: 3D Printing: 
Prototype Manufacture  
  
	  Markers	  and	  Motion	  Analysis	  System	  
Retroreflective	  markers	  were	  placed	  on	  the	  greater	  tro-­‐
chanter,	  lateral	  knee	  epicondyle,	  lateral	  malleolus,	  heel	  
and	  toe	  (between	  second	  and	  third	  metatarsals)	  of	  the	  
right	  leg	  (Figure	  3a).	  The	  motion	  analysis	  system	  con-­‐
sisted	  of	  7	  digital	  cameras	  (Motion	  Analysis	  Corp,	  Santa	  
Rosa,	  CA,	  USA)	  and	  was	  sampled	  at	  240Hz.	  Motion	  
capture	  data	  was	  collected	  using	  Cortex	  (version	  
1.1.4.368,	  Motion	  Analysis	  Corp,	  Santa	  Rosa,	  CA,	  USA)	  
and	  two-­‐dimensional	  kinematic	  calculations	  were	  used	  
to	  calculate	  the	  knee	  flexion	  and	  plantar-­‐dorsi	  flexion	  
angles,	  as	  defined	  in	  Figure	  3b.	  Marker	  data	  was	  filtered	  
through	  a	  low-­‐pass	  Butterworth	  digital	  filter	  at	  a	  cut-­‐off	  
frequency	  of	  9Hz.	  Knee	  flexion	  and	  dorsi	  flexion	  angles	  
were	  denoted	  as	  positive.	  
Test	  Protocol	  
Subjects	  were	  requested	  to	  perform	  drop	  vertical	  jumps	  
(DVJ)	  from	  a	  platform	  (31	  cm	  in	  height)	  with	  their	  feet	  
35	  cm	  apart.	  Subjects	  were	  asked	  to	  step	  off	  the	  plat-­‐
form	  and	  to	  land	  with	  both	  feet	  on	  the	  ground.	  Imme-­‐
diately	  after,	  subjects	  were	  then	  asked	  to	  jump	  to	  as	  
high	  as	  possible.	  The	  first	  jump	  from	  the	  platform	  was	  
used	  for	  the	  analysis.	  
Critical	  Plantar	  Flexion	  Angle	  
Knee	  flexion	  angles	  were	  plotted	  in	  the	  y	  axis	  and	  corre-­‐
sponding	  plantar-­‐dorsi	  flexion	  angles	  were	  plotted	  in	  
the	  x	  axis.	  A	  2nd-­‐order	  	  polynomial	  was	  plotted	  and	  a	  
quadratic	  equation	  with	  the	  r2	  value	  of	  0.8	  was	  ob-­‐
tained.	  Results	  are	  shown	  in	  Figure	  4.	  At	  15º	  of	  knee	  
flexion	  angle,	  a	  critical	  plantar	  flexion	  angle	  was	  calcu-­‐
lated	  to	  be	  around	  -­‐33º.	  
	  
	  
Figure	  3.	  (a)	  Positions	  of	  markers	  on	  the	  bony	  protrusions	  at	  the	  outer	  part	  of	  the	  right	  leg	  (on	  the	  greater	  trochanter	  
at	  the	  hip,	  lateral	  epicondyle	  at	  the	  thigh	  bone,	  lateral	  malleolus	  at	  the	  ankle,	  at	  the	  heel	  and	  foot	  toe)	  and	  (b)	  defini-­‐
tion	  of	  knee	  flexion	  and	  ankle	  flexion	  angles	  
	  
	  
Figure	  4.	  Plot	  of	  knee	  flexion	  versus	  ankle	  flexion	  an-­‐
gles	  at	  initial	  contact	  
Strain	  Study	  during	  Plantar	  Flexion	  
Markers	  and	  Motion	  Analysis	  System	  
An	  array	  of	  markers	  was	  placed	  on	  the	  foot	  to	  study	  the	  
local	  strain	  distribution.	  Motion	  analysis	  capture	  allows	  
kinematic	  data	  to	  be	  obtained	  throughout	  the	  dynamic	  
motion.	  In	  this	  proof-­‐of-­‐concept	  phase,	  7	  markers	  were	  
placed	  on	  the	  top	  part	  of	  the	  foot	  of	  one	  subject.	  Figure	  
5	  shows	  the	  location	  of	  the	  markers	  on	  the	  foot.	  The	  
lateral	  2	  markers	  (‘A’	  and	  ‘B’)	  were	  used	  to	  measure	  the	  
strain	  at	  the	  lateral	  region	  of	  the	  foot.	  The	  centre	  3	  
markers	  (‘C’	  to	  ‘E’)	  were	  used	  to	  measure	  the	  strains	  at	  
the	  centre	  region	  of	  the	  foot.	  The	  medial	  2	  markers	  (‘F’	  
and	  ‘G’)	  were	  used	  to	  measure	  the	  strain	  at	  the	  medial	  
region	  of	  the	  foot.	  The	  motion	  analysis	  system	  consist-­‐
ed	  of	  7	  digital	  cameras	  (Motion	  Analysis	  Corp,	  Santa	  
Rosa,	  CA,	  USA)	  and	  was	  sampled	  at	  240Hz.	  Motion	  
capture	  data	  was	  collected	  using	  Cortex	  (version	  
1.1.4.368,	  Motion	  Analysis	  Corp,	  Santa	  Rosa,	  CA,	  USA).	  
Marker	  data	  was	  once	  again	  filtered	  through	  a	  low-­‐pass	  
Butterworth	  digital	  filter	  at	  a	  cut-­‐off	  frequency	  of	  9Hz.	  
	  
	  
Figure	  5.	  Position	  of	  markers	  on	  the	  foot	  
(b) Biomechanical Angles 
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  Strain	  Calculation	  
The	  marker	  positions	  were	  first	  recorded	  at	  rest	  posi-­‐
tion.	  Each	  marker	  position	  was	  at	  coordinates	  (x,	  y,	  z).	  
With	  ankle	  flexion,	  each	  marker	  attained	  a	  new	  coordi-­‐
nate	  position	  (x’,	  y’,	  z’).	  Thus,	  distance	  between	  2	  mark-­‐
er	  positions	  at	  rest	  position	  was	  calculated	  as:	  
	  
Distance	  L	  =	  
2
21
2
21
2
21 )z-z(+)y-y(+)x-x( 	  (1)	  
	  
Distance	  between	  the	  2	  markers	  after	  ankle	  flexion	  is:	  
	  
Distance	  L	  +	  ∆L	  =	  
2
21
2
21
2
21 )'z- 'z(+)'y - 'y(+)'x- 'x( 	   (2)	  
	  
Local	  strain	  between	  2	  markers	  due	  to	  the	  motion	  is:	  
ΔL
L =
(x '1- x '2 )2 + (y '1- y '2 )2 + (z '1- z '2 )2 - (x1 - x2 )2 + (y1 - y2 )2 + (z1 - z2 )2
(x1 - x2 )2 + (y1 - y2 )2 + (z1 - z2 )2
	   (3)	  
	  
The	  local	  strain	  between	  markers	  was	  obtained	  from	  
the	  above	  equations.	  For	  this	  prototype,	  the	  assumption	  
was	  that	  the	  highest	  strain	  occurred	  along	  the	  longitu-­‐
dinal	  direction	  of	  the	  foot	  (A-­‐B,	  C-­‐D-­‐E	  and	  F-­‐G	  direc-­‐
tion	  of	  the	  foot	  in	  Figure	  5).	  	  
Test	  Protocol	  
Subject	  was	  requested	  to	  plantar-­‐flex	  and	  then	  dorsi-­‐
flex	  the	  ankle	  to	  as	  much	  as	  possible.	  	  
Design	  of	  the	  Ankle	  Brace	  Structure	  for	  3D	  Printing	  
Data	  was	  plotted	  between	  surface	  strain	  (y-­‐axis)	  and	  
plantar-­‐dorsi	  flexion	  angles	  (x-­‐axis).	  Dorsi	  flexion	  angle	  
was	  denoted	  as	  positive.	  A	  2nd-­‐order	  polynomial	  was	  
plotted	  and	  strain	  value	  at	  -­‐33º	  critical	  plantar	  flexion	  
angle	  was	  calculated.	  The	  highest	  strain	  (58%)	  was	  used	  
in	  the	  design	  of	  the	  ankle	  brace	  structure	  and	  the	  graph	  
was	  plotted	  in	  Figure	  6.	  The	  strain	  value	  was	  used	  to	  
design	  the	  diameter	  of	  the	  donut	  while	  the	  cross-­‐
sectional	  area	  was	  estimated	  from	  the	  forces	  experi-­‐
enced	  by	  the	  foot	  measured	  during	  landing	  and	  tensile	  
strength	  of	  the	  material.	  This	  is	  illustrated	  in	  Figure	  7.	  
Rapid	  Prototyping	  
Prototype	  was	  produced	  with	  the	  3D	  printer	  by	  Objet®	  
Eden350V	  (Objet	  Geometries	  Ltd.,	  Rehovot,	  Isreal)	  us-­‐
ing	  the	  material	  TangoGray	  TM	  FLX950	  and	  supporting	  
material	  Support	  SUP705.	  The	  ankle	  brace	  structure	  in	  
the	  form	  of	  a	  donut	  shape	  was	  made	  and	  is	  shown	  in	  
Figure	  8	  with	  a	  leg	  model.	  	  
Range	  of	  Motion	  Test	  
Markers	  and	  Motion	  Analysis	  System	  
Retroreflective	  markers	  were	  placed	  on	  the	  lateral	  and	  
medial	  malleoli,	  heel	  and	  toe	  (between	  second	  and	  
third	  metatarsals)	  of	  the	  right	  leg.	  The	  motion	  analysis	  
system	  consisted	  of	  7	  digital	  cameras	  (Motion	  Analysis	  
Corp,	  Santa	  Rosa,	  CA,	  USA)	  and	  was	  sampled	  at	  240Hz.	  
Motion	  capture	  data	  was	  collected	  using	  Cortex	  (ver-­‐
sion	  1.1.4.368,	  Motion	  Analysis	  Corp,	  Santa	  Rosa,	  CA,	  
USA)	  and	  two-­‐dimensional	  kinematic	  calculations	  were	  
used	  to	  calculate	  plantar-­‐dorsi	  flexion	  angles.	  Marker	  
data	  was	  filtered	  through	  a	  low-­‐pass	  Butterworth	  digital	  
filter	  at	  a	  cut-­‐off	  frequency	  of	  9Hz.	  Dorsi	  flexion	  angles	  
were	  denoted	  as	  positive.	  
	  
	  
Figure	  	  6.	  Plot	  of	  foot	  surface	  strain	  against	  plantar	  flexion	  angle	  	  
	  	  
Figure	  7.	  Design	  of	  the	  ankle	  brace	  structure	  
	  
Test	  Protocol	  
The	  subject	  was	  requested	  to	  plantar-­‐flex	  and	  then	  to	  
dorsi-­‐flex	  the	  ankle	  to	  as	  much	  as	  possible.	  This	  was	  
repeated	  with	  the	  ankle	  brace	  structure	  worn.	  Six	  inde-­‐
pendent	  trials	  were	  conducted	  for	  each	  condition.	  
Structure	  was	  secured	  with	  string	  to	  the	  foot	  in	  this	  
feasibility	  study	  and	  is	  illustrated	  with	  a	  leg	  model	  in	  
Figure	  8.	  	  
	  
Figure	  8.	  Prototype	  ankle	  brace	  structure	  on	  a	  leg	  
model	  
	  
Software	  
SolidWorks®	  (Dassault	  Systèmes	  SolidWorks	  Corpora-­‐
tion,	  Waltham,	  MA,	  USA)	  was	  used	  to	  design	  the	  CAD	  
model	  of	  the	  ankle	  brace	  structure.	  	  
Statistical	  analyses	  were	  conducted	  using	  Minitab	  (ver-­‐
sion	  16,	  Minitab	  Inc.,	  State	  College,	  Pa,	  USA).	  Wilcoxon	  
signed	  rank	  test	  was	  used	  and	  the	  level	  of	  significance	  
was	  0.05.	  	  
Results	  and	  Discussion	  
Range	  of	  Motion	  (ROM)	  Test	  
Results	  show	  that	  without	  any	  brace,	  the	  ankle	  can	  be	  
plantar	  flexed	  to	  55.5	  (SD	  0.2)º	  while	  it	  can	  only	  be	  
flexed	  to	  44.9	  (SD	  3.7)º	  with	  the	  ankle	  brace	  structure.	  
Wilcoxon	  signed	  rank	  test	  (with	  α	  =	  0.05)	  showed	  sig-­‐
nificant	  differences	  in	  the	  2	  ranges	  of	  motion,	  support-­‐
ing	  that	  the	  ankle	  brace	  structure	  was	  causing	  a	  signifi-­‐
cant	  reduction	  in	  the	  ROM.	  Figure	  9	  shows	  the	  box	  
plots	  of	  the	  results.	  	  
The	  structure	  was	  able	  to	  reduce	  the	  range	  of	  motion	  
and	  to	  resist	  motion	  in	  the	  high	  plantar	  flexion	  region	  
associated	  with	  knee	  flexion	  angles	  less	  than	  15º.	  At	  
knee	  flexion	  angles	  greater	  than	  15º,	  the	  ankle	  was	  free	  
to	  move.	  This	  prototype	  result	  shows	  that	  rapid	  proto-­‐
typing	  could	  potentially	  be	  used	  to	  design	  customized	  
ankle	  brace	  structures	  to	  help	  resist	  motion	  associated	  
with	  high	  ACL	  injury	  risks.	  Strain	  distribution	  on	  the	  
foot	  surface	  may	  differ	  among	  people	  due	  to	  their	  body	  
fats.	  Customization	  could	  easily	  be	  carried	  out	  and	  tai-­‐
lored	  specifications	  can	  easily	  be	  calculated	  using	  a	  pre-­‐
written	  program.	  The	  structure	  was	  designed	  to	  start	  
resisting	  motion	  from	  -­‐33º	  and	  a	  dynamic	  jump-­‐land	  
test	  could	  be	  conducted	  in	  future	  to	  further	  analyze	  if	  
angular	  deceleration	  occurred	  close	  to	  -­‐33º.	  
	  
	  
Figure	  9.	  Box	  plot	  of	  ankle	  plantar	  range	  of	  motion	  under	  
‘brace’	  and	  ‘no	  brace’	  conditions	  
	  
Time	  to	  Manufacture	  
Stages	  1	  and	  2	  of	  Figure	  1	  are	  the	  same,	  with	  or	  without	  
the	  use	  of	  RP	  or	  VP.	  However,	  stages	  3	  and	  4	  have	  been	  
made	  easier	  with	  the	  use	  of	  VP	  and	  RP.	  Although	  not	  
Determination	  of	  Diameter
Determination	  of
Cross-­‐Sectional	  Area
1.58 L
L = Diameter 
Cross-sectional area (A) 
estimated from tensile 
strength of material (σTS) 
and forces (F) experienced 
by the foot during landing:
σTS / Safety Factor = F '/A
where F ' = F/2 shared by 
the two sides of the 
structure when stretched
(i) Neutral (ii) Stretched
analysis system consisted of seven digital cameras (Motion
Analysis Corp, Santa Rosa, CA, USA) and was sampled at 240
Hz. Motion capture data was collected using Cortex (version
1.1.4.368, Motion Analysis Corp, Santa Rosa, CA, USA) and
two-dimensional kinematic calculations were used to calculate
plantar-dorsi flexion angles. Marker data was filtered through a
low-pass Butterworth digital filter at a cut-off frequency of 9
Hz. Dorsi flexion angles were denoted as positive.
Test protocol
The subject was requested to plantar-flex and then to dorsi-flex
the ankle to as much as possible. This was repeated with the
ankle brace structure worn. Six independent trials were
conducted for each condition. The structure was secured with
string to the foot in this feasibility study and is illustrated with
a leg model in Figure 8.
Software
SolidWorks® (Dassault Systèmes SolidWorks Corporation,
Waltham, MA, USA) was used to design the CAD model of
the ankle brace structure.
Statistical analyses were conducted using Minitab (version
16, Minitab Inc., State College, Pa, USA). A Wilcoxon signed
rank test was used and the level of significance was 0.05.
Results and discussion
Range of motion (ROM) test
Results show that without any brace, the ankle can be plantar
flexed to −55.5 (SD 0.2)° while it can only be flexed to −44.9
(SD 3.7)° with the ankle brace structure. The Wilcoxon signed
Determination of Diameter
Determination of
Cross-Sectional Area
1.58 L
L = Diameter 
Cross-sectional area (A) 
estimated from tensile 
strength of material (σTS) 
and forces (F) experienced 
by the foot during landing:
σTS / Safety Factor = F '/A
where F ' = F/2 shared by 
the two sides of the 
structure when stretched
(i) Neutral (ii) Stretched
Figure 7. Design of the ankle brace structure.
Figure 8. Prototype ankle brace structure on a leg model.
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Figure 9. Box plot of ankle plantar range of motion under
‘brace’ and ‘no brace’ conditions.
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analysis system consisted of seven digital cameras (Motion
Analysis Corp, Santa Rosa, CA, USA) and was sampled at 240
Hz. Motion capture data was collected using Cortex (version
1.1.4.368, Motion Analysis Corp, Santa Rosa, CA, USA) and
two-dimensional kinematic calculations were used to calculate
plantar-dorsi flexion angles. Marker data was filtered through a
low-pass Butterworth digital filter at a cut-off frequency of 9
Hz. Dorsi flexion angles were denoted as positive.
Test protocol
The subject was requested to plantar-flex and then to dorsi-flex
the ankle to as much as possible. This was repeated with the
ankle brace structure worn. Six independent trials were
conducted for each condition. The structure was secured with
string to the foot in this feasibility study and is illustrated with
a leg model in Figure 8.
Software
Soli Works® (Dassault Systèmes SolidWorks Corporation,
Waltham, MA, USA) was used to design the CAD model of
the ankl brace structure.
Statistical analyses wer conducted using Minitab (version
16, Minitab Inc., State Colleg , Pa, USA). A Wilcoxon signed
r t st was used and the lev l of significance w 0.05.
Results and discussion
Range of motion (ROM) test
Results show that without any brace, the ankle can be plantar
flexed to −55.5 (SD 0.2)° while it can only be flexed to −44.9
(SD 3.7)° with the ankle brace structure. The Wilcoxon signed
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structure when stretched
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Figure 7. Design of the ankle brace structure.
Figure 8. Prototype ankle brace structure on a leg model.
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carried	  out	  for	  this	  feasibility	  test,	  VP	  could	  be	  intro-­‐
duced	  in	  Stage	  3	  to	  verify	  the	  functional	  fit	  or	  range	  of	  
motion	  of	  each	  individual	  before	  it	  is	  actually	  printed.	  
The	  3D	  printing	  in	  stage	  4	  of	  Figure	  1	  is	  easily	  carried	  
out	  in	  1.5hr.	  Alternatively,	  moulding	  could	  be	  carried	  
out	  but	  this	  will	  increase	  manufacture	  time	  and	  costs.	  
Besides,	  RP	  could	  allow	  greater	  customization	  flexibility	  
in	  terms	  of	  size	  and	  shape	  fit.	  It	  will	  not	  be	  financially	  
practical	  to	  make	  one	  mould	  for	  every	  personalized	  
size.	  
Reduction	  in	  Design	  Complexity	  
In	  this	  feasibility	  study,	  the	  simple	  donut	  structure	  was	  
adopted.	  However,	  more	  design	  structure	  shapes	  could	  
be	  easily	  and	  quickly	  explored	  using	  VP	  and	  RP.	  Dia-­‐
mond	  geometrical	  shapes	  would	  be	  explored	  in	  future	  
as	  this	  shape	  will	  allow	  for	  greater	  flexibility	  in	  the	  low	  
resistance	  region.	  Future	  designs	  would	  focus	  on	  small-­‐
er	  and	  flatter	  designs	  that	  could	  easily	  be	  worn.	  It	  
would	  otherwise	  be	  costly	  and	  time-­‐consuming	  to	  
manufacture	  few	  parts	  using	  temporary	  moulds	  at	  each	  
prototype	  design	  stage.	  This	  would	  greatly	  reduce	  
product	  development	  iteration	  time.	  
Conclusions	  
A	  framework	  to	  customize	  ankle	  brace	  structures	  for	  
ACL	  injury	  risk	  reduction	  with	  the	  use	  of	  RP	  has	  been	  
proposed.	  RP	  can	  quickly	  and	  easily	  manufacture	  func-­‐
tional	  prototypes	  for	  customized	  specifications	  for	  indi-­‐
viduals.	  In	  this	  feasibility	  study,	  a	  prototype	  was	  also	  
produced	  and	  results	  show	  that	  the	  brace	  structure	  was	  
able	  to	  reduce	  ROM	  in	  the	  high-­‐risk	  ankle	  positions	  as	  
designed.	  Although	  more	  design	  refinement	  is	  required	  
for	  the	  structural	  shape,	  this	  result	  shows	  that	  RP	  could	  
potentially	  be	  used	  in	  customized	  ankle	  brace	  struc-­‐
tures	  for	  use	  in	  ACL	  injury	  risk	  reduction.	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